Requested Patent WO03043079A1 



Title: SEMICONDUCTOR PROCESS AND PMOS VARACTOR ; 

Abstracted Patent: WO03043079 ; 

Publication Date: 2003-05-22 ; 

Inventor(s): JOHANSSON TED (SE) ; 

Applicants): ERICSSON TELEFON AB L M (SE); JOHANSSON TED (SE) ; 

Application Number: WO2002SE01914 20021021 ; 

Priority Number(s): SE2001 0003806 20011115 ; 

IPC Classification: H01L21/8248; H01L29/732; H01 L29/78; H01L29/93 ; 

Equivalents: SE01 03806, SE520590, TW517345 ; 

ABSTRACT: 

A method in the fabrication of an integrated circuit including a PMOS varactor and an npn 
transistor, comprises the steps of (i) simultaneously forming buried n+-doped regions (31) for the 
PMOS varactor and the npn transistor in a p-doped substrate (10. 41); (ii) simultaneously forming 
n-doped wells (41 ) above the buried n+-doped regions (31 ); (iii) simultaneously forming field 
isolation areas (81 ) around said n-doped regions (41 ); (iv) forming a PMOS gate region (111, 
194) and a p-doped base each in a respective one of the n-doped wells (41); and (v) 
simultaneously forming n+-doped contacts to the buried n+-doped regions (31); said contacts 
being separated from said n-doped wells (41). Source and drain regions may be formed in the 
PMOS n-well (inversion mode) or the PMOS n+-doped contact may be formed in the PMOS 
n-well instead of being separated from there (accumulation mode). 



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 
International Bureau 




(43) International PubUcation Date (10) International Publication Number 

22 May 2003 (22.05.2003) PCT WO 03/043079 A 1 



(51) International Patent Classification 7 : H01L 21/8248, 

29/732, 29/78, 29/93 

(21) International Application Number: PCT/SE02/01914 

(22) International Filing Date: 21 October 2002 (21.10.2002) 

(25) Filing Language: English 

(26) Publication Language: English 

(30) Priority Data: 

0103806-6 15 November 2001 (15.11.2001) SE 

(71) Applicant (for all designated Slates except US): TELE- 
FONAKTIEBOLAGET LM ERICSSON (PUBL) 

[SE/SE]; Telefonvagen 30, S-126 25 Stockholm (SE). 



(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA. BB, BG, BR, BY, BZ, CA, CH, CN. CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH, 
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, 
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SD, SE, SG, 
SI, SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, 
VC, VN, YU, ZA, ZM, ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE, 
ES, FI, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE, SK, 
TR), OAPI patent (BE BJ, CF, CG, CI, CM, GA, GN, GQ, 
GW, ML, MR, NE, SN, TD, TG). 



(72) Inventor; and 

(75) Inventor/Applicant (for US only): JOHANSSON, Ted 

[SE/SE]; Sveavagen 66, S-182 62 Djursholm (SE). 

(74) Agent: ERICSSON MICROELECTRONICS AB, 
INTELLECTUAL PROPERTY DEPARTMENT; 

Isafjordsgatan 16, S- 164 81 Kista (SE). 



Published: 

— with international search report 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



= (54) Title: SEMICONDUCTOR PROCESS AND PMOS VARACTOR 




t „++ 1 




n++ 








1 1 



















as 



41 



/ 

31 



11 



81 



k 41 



£J (57) Abstract: A method in the fabrication of an integrated circuit including a PMOS varactor and an npn transistor, comprises the 
2 steps of (i) simultaneously forming buried n+-doped regions (31) for the PMOS varactor and the npn transistor in a p-doped substrate 
^ (10, 41); (ii) simultaneously forming n-doped wells (41) above the buried n+-doped regions (31); (iii) simultaneously forming field 
isolation areas (81) around said n-doped regions (41); (iv) forming a PMOS gate region (1 1 1, 194) and a p-doped base each in a 
respective one of the n-doped wells (41); and (v) simultaneously forming n+-doped contacts to the buried n+-doped regions (31); 
said contacts being separated from said n-doped wells (41). Source and drain regions may be formed in the PMOS n-well (inversion 
mode) or the PMOS n+-doped contact may be formed in the PMOS n-well instead of being separated from there (accumulation 
mode). 
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SEMICONDUCTOR PROCESS AND PMOS VARACTOR 
TECHNICAL FIELD OF THE INVENTION 

The present invention generally relates to the field of silicon 
IC-technology, and more specifically the invention relates to 
5 the formation of a PMOS varactor in a semiconductor process 
flow, especially designed for bipolar RF-IC:s; to the PMOS 
varactor formed, and to an integrated circuit comprising such a 
PMOS varactor, 

DESCRIPTION OF RELATED ART AND BACKGROUND OF THE INVENTION 

10 Advanced silicon bipolar, CMOS or BiCMOS circuits are used today 
for high-speed applications in the 1-5 GHz frequency range, 
replacing circuits previously only possible to realize using 
III-V based technologies. 

A common trend in microelectronics is to integrate more and more 
15 functions on a single chip, in order to increase the general 
performance and to reduce size, power consumption and price of 
the circuits. The versatility of a BiCMOS-process is many time 
preferred, although it is not suited for all applications. High- 
performance bipolar integrated circuits have been used 
20 extensively for some critical building blocks in 
telecommunication circuits, mainly for analog functions such as 
switching currents and voltages, and for high-frequency radio 
circuit functions such as those in mixers, amplifiers, and 
detectors. For high-performance cost-effective circuits that 
25 would be used in e.g. cellular telephones, a bipolar-only 
process is many times still to prefer, instead of a BiCMOS 
process. 
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• For voltage-controlled oscillator (VCO) design, a varactor 
function, i.e. a voltage-controlled capacitance, is needed for 
tuning the frequency. It can be realized using the capacitance 
characteristics of a p/n- junction, which is available in any 
5 semiconductor process. In a bipolar process, the base/collector 
junction would be used, because of the larger capacitance 
variation, which is set by the doping ratio between the p- and 
n-side of the junction. 

For high-performance VCO design, such as used in cellular 
10 systems, the phase-noise of the VCO is an important parameter. 
It is greatly influenced by the characteristics of the tuning 
varactor, mostly the Q-value of the varactor (which describes 
the parasitic losses of device). In M. Steyaert, J. Craninckx, 
"A fully integrated CMOS DCS-1800 frequency synthesizer", IEEE 
15 J. Solid-state Circuits, Vol. 33, p. 2054, Dec. 1998, the 
quality of the varactor, which consisted of the p + /n-well 
junction capacitor in a CMOS process, prevented compliance with 
the phase-noise specifications over the whole tuning range for a 
DCS1800 system. Since the diode varactor leaves much to be 
20 desired, another way to realize the varactor is needed. 

In P. Andreani, S. Mattisson, "On the Use of MOS Varactors in RF 
VCO's", IEEE J. Solid-State Circuits, Vol. 35, p. 905, June 2000, 
different types of MOS varactors are studied for VCO-design. If 
carefully selecting the device parameters for the varactor, 
25 better results than for junction-based varactors are obtained. 

Different types of MOS varactors for integration in a 
conventional CMOS process are described in EP 0902483 Al, as 
well as many design parameters for practical application of the 
varactors . 
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However, for high-performance radio applications where bipolar 
RF-IC processes are still preferred there is also a need to 
realize varactors having improved performance. 

SUMMARY OF THE INVENTION 

5 Accordingly, it is an object of the present invention to provide 
a method in the fabrication of an integrated circuit, 
particularly an integrated circuit for radio frequency 
applications, including a PMOS varactor, a vertical bipolar npn 
transistor, and optionally other p-type MOS devices, wherein a 

0 minimum of processing steps are added to a pure bipolar process. 

In this respect there is a particular object of the invention to 
provide such a method, which includes a number of multi-purpose 
processing steps. 

It is a further object of the invention to provide such a 
> method, which produces a PMOS varactor having improved 
performance, preferably a higher Q value. 

To this end the present invention comprises according to a first 
aspect a method in the fabrication of an integrated circuit 
including a PMOS varactor and an npn transistor, which includes 
the steps of: 

(i) simultaneously forming buried n + -doped regions for the PMOS 
varactor and the npn transistor in a p-doped substrate; 

(ii) simultaneously forming n-doped wells above the buried n + - 
doped regions; 

(iii) simultaneously forming field isolation areas around the n- 
doped wells; 
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(iv) forming a PMOS gate region on a first, one of the n-doped 
wells; 

(v) forming a p-doped base in a second one of the n-doped wells 
and an n-doped emitter in the base; and 

5 (v) simultaneously forming n + -doped contacts to the buried n + - 
doped regions; the contacts being separated from the n-doped 
wells. 

Finally, the PMOS gate region and the PMOS n*-doped contact are 
each connected to a respective terminal. 

10 The field isolation areas are formed as shallow trenches filled 
with e.g. oxide. Advantageously, the field isolation areas are 
f ormed such that they extend vertically from an upper surface of 
the substrate and down into the buried n + -doped regions and/or 
are formed with respect to the buried n + -doped regions such that 

L5 the buried n + -doped regions extend into areas located underneath 
the field isolation areas. 

To achieve further device isolation, deep . trenches may 
simultaneously be formed around the buried n + -doped regions, 
where the deep trenches extend deeper down into the substrate 
!0 than the buried n + -doped regions. 

P-doped source and drain regions may be formed in the n-doped 
region above the buried n + -doped region for the PMOS varactor, 
and this is preferably performed simultaneously with doping of 
an extrinsic base for the npn transistor. 

5 The PMOS varactor has a capacitance value dependent on the 
voltage applied between the PMOS n 4 -doped contact terminal, i.e. 
the bulk terminal, and the PMOS gate terminal. If the source and 
drain regions are connected to the bulk and the voltage is 
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higher, or preferably much higher, than the threshold voltage of 
the transistor the varactor is said to be in inversion mode or 
region, i.e. an inversion channel with mobile holes builds up. 
If on the other hand the gate voltage is kept higher than the 
5 bulk voltage the PMOS varactor enters the accumulation mode or 
region. 

The ensure operation in inversion mode, the source and drain 
regions are left floating, i.e. not contacted, and to ensure 
operation in accumulation mode, the source and drain regions 
10 are not formed at all. 

Further, the above-mentioned objects are according to a second 
aspect of the invention, fulfilled by a method including the 
following steps: 

(i) forming a buried n + -doped region for the npn transistor in a 
15 p-doped substrate; 

(ii) simultaneously forming in the substrate an essentially n- 
doped well for the PMOS varactor and an n-doped well above the 
buried n + -doped region for the npn transistor; 

(iii) simultaneously forming field isolation areas around the n- 
20 doped wells; 

(iv) forming a PMOS gate region on the essentially n-doped well; 

(v) forming a p-doped base in the n-doped well above the buried 
n*-doped region for the npn transistor and an n-doped emitter in 
the p-doped base; 

25 (vi) forming an n-doped collector contact to the buried n*-doped 
region for the npn transistor; and 
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(vii) forming one or preferably two n*-doped regions in the 
essentially n-doped well for the PMOS varactor, the n + -doped 
region(s) being separated from, in a horizontal plane, the PMOS 
gate region. 

Finally, a gate terminal connected to the PMOS gate region and a 
bulk terminal connected to the n + -doped region(s) are formed. 

Preferably, the n + -doped regions are formed on each side of the 
PMOS gate region. The PMOS varactor fabricated according to the 
second aspect of the invention is advantageously arranged to 
operate in accumulation mode. 

Further, the present invention includes according to a third 
aspect a PMOS varactor fabricated in accordance with anyone of 
the first two aspects of the invention. 

Still further, the present invention includes according to a 
fourth aspect an integrated circuit such as a VCO comprising at 
least one of the varactor according to the third aspect of the 
invention. 

Further characteristics of the invention and advantages thereof 
will be evident from the detailed description of preferred 
embodiments of the present invention given hereinafter and the 
accompanying Figs. 1-11, which are given by way of illustration 
only, and thus are not limitative of the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figs* 1-8 are highly enlarged cross-sectional views of a portion 
of a semiconductor structure during processing according to a 
preferred embodiment of the present invention. 

Figs. 9-12 are highly enlarged cross-sectional views of PMOS 
varactors according to yet further embodiments of the present 
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invention . 

DETAILED DESCRIPTION OF EMBODIMENTS 

A method of manufacturing a PMOS varactor in a bipolar process, 
to which only a few process steps are added, is overviewed below 
5 with reference to Figs. 1-8. To illustrate the process the 
simultaneous formations of a bipolar transistor is also 
described. 

To reach a structure as the one illustrated in Fig. 1 a start 
material 10 consisting of a highly p + -doped wafer 11 is 
L0 provided, on which a low-doped epitaxial silicon layer 12 of p- 
type is grown. Alternatively, the p-type wafer can be a 
homogeneously low-doped p-type wafer (not illustrated). 

In the surface layer 12 buried n-doped 31 and p-doped 33 
regions are formed by means of (i) forming a thin protective 

L5 layer of silicon dioxide on the layer 12; (ii) forming a mask 
thereon by photolithographic methods to define areas for the 
PMOS varactor and the bipolar transistor, respectively; (iii) 
n + -type doping the areas defined by the mask; (iv) removing the 
mask; (v) heat treating the structure obtained; (vi) optionally 

20 p-type doping in additional areas of the structure; and (vii) 
exposing the upper surfaces of regions 31 and 33. The regions 
31 are also referred to as buried n + -doped layers. 

Thereafter, an epitaxial silicon layer 41 is grown on the 
surface, which layer is doped in selected regions to obtain 
25 regions of n- and p-type (n-wells and p-wells). In Fig. 1 all 
regions 41 are n-type doped. 

Alternatively, instead of providing the wafer 11 and forming 
the epitaxial layers 12 and 41, a single homogenous wafer may 
be provided, in which the buried regions 31 and 33 are formed 
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by means of ion implantation at high energy and in which n- and 
optionally p-type doped surface regions 41 are formed by means 
of ion implantation. The term "substrate" as used herein is 
intended to mean a wafer, on which optionally a number of 
epitaxial layers have been grown. 

In order to isolate the various regions 41 shallow and 
optionally deep trenches, 81 and 72, are formed to surround the 
respective regions 41. 

The shallow trenches 81 are formed by the steps of (i) forming a 
hard mask by means of oxidizing the silicon surface; depositing 
a silicon nitride layer; patterning and etching away the silicon 
nitride and oxide layers at areas where the trenches are to be 
formed; and (ii) etching silicon, to form the structure. The 
shallow trenches are reoxidized and filled with a deposited 
oxide 81 subsequently to deep trench filling, see below. 

The shallow trenches can be formed such that they extend 
vertically from the upper silicon surface, i.e. the upper 
surface of silicon layer 41, and down to the buried n + -doped 
layer regions 31, and preferably further down into the buried 
n + -doped layer 31 (not illustrated in Figs. 1-8). Further, the 
buried n+-doped layers 31 and the shallow trenches can be formed 
relative each other such that the buried n+-doped layers 31 
extend into areas located underneath the shallow trenches. 

Note that the n-wells 41 may be formed by ion implantation 
through the above-mentioned silicon nitride and oxide layers, 
and p-wells may be performed at yet a later stage in the 
process. 

The deep trenches 72 are formed by the steps of (i) forming a 
hard mask for the deep trenches by depositing a silicon dioxide 
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layer; and patterning and etching this silicon dioxide layer to 
define openings for the deep trenches; (ii) etching the deep 
trenches; (iii) removing the remaining portions of the oxide 
hard mask layer; (iv) growing a thin oxide on top of the 
5 structure; (v) filling the deep trenches with deposited oxide 
(the thin oxide and the deposited oxide being together denoted 
by 71) and polysilicon 72; (vi) optionally planarizing the 
polysilicon; and (vii) etching back to remove all polysilicon 
from the shallow trench areas. 

10 Subsequently thereto, the shallow trenches are filled with the 
oxide 81, whereupon the nitride and oxide layers, covering 
active areas 41, are removed. 

The isolation scheme is further described in the international 
publication WO 0120664 and in the Swedish patent application No. 
15 0101567-6, both of which being hereby incorporated by reference. 

Next, a thin oxide 91, called p-well oxide, is grown, 
whereafter p-wells are optionally formed (not illustrated). 
Finally, a photo mask 101 is formed on the structure, which is 
open on the areas, which shall serve as device areas for the 
10 PMOS device, see Fig. 1, this being a first step added to a 
pure bipolar process. 

The wafer is then implanted with a p-type dopant. The energy is 
selected such that the dopant penetrates the areas not covered 
by the photo mask, but which are covered by thin oxide; and the 
!5 dose is selected to adjust the threshold voltage (VTP) such 
that it will be in the -0.5 to -1.5 V range. Subsequently, the 
photo mask 101 is removed. 

The p-well oxide 91 is preferably replaced by a gate oxide 111 
on top of the structure using oxide etching followed by thermal 
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oxidation. This oxide renewal is due to high MOS requirements, 
as the quality of the p-well oxide is normally not sufficient 
after being subjected to ion implantation. Following directly, a 
first undoped poly-crystalline or non-crystalline silicon layer 
112 is deposited on the gate oxide 111. The resulting structure 
is shown in Fig. 2. 

The deposited silicon layer 112 needed to form part of the PMOS 
gate must now be removed from the other areas of the wafer. 
Thus, a photo mask 121, which covers the PMOS device areas is 
applied to the wafer. Using mask 121 silicon is removed by 
etching, using the field oxide/gate oxide 81/111 as etch stop. 
The resulting structure is shown in Fig. 3. The photo mask is 
then removed using conventional methods. 

For the formation of the active devices low-resistance paths, 
i.e. collector contacts or "plugs", from the surface of the 
wafer to the buried n+-doped layer 31 are needed. The paths are 
defined lithographically, by applying a mask 131 having open 
areas 132 and 133 for forming plugs for the PMOS varactor and 
the bipolar transistor, respectively. Doping of n-type is 
performed through the open areas 132 and 133. Details of the 
selection of energy and doses are discussed in WO 9853489, which 
publication being hereby incorporated by reference. 

After the implantation, still having the photo mask 131 present 
on the wafer, the thin protective silicon dioxide layer 111 is 
removed in the open areas. The resulting structure is shown in 
Fig. 4. The photo mask 131 is then removed by conventional 
methods, after which the wafer is optionally given a heat 
treatment . 

Subsequently, a thin silicon nitride layer is deposited 
(remaining portions thereof denoted by 141 in Fig. 5), the 
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purpose of which is threefold: (i) to add to the insulator 
layer deposited in the active area of the bipolar transistor 
resulting in lower parasitic capacitance for the base-collector 
junction; (ii) to encapsulate the gate layer 112 of the PMOS 
varactor during subsequent processing; and (iii) to serve as an 
oxidation-resistant mask for the collector plugs 41 (in 
openings 132 and 133 in Fig- 4) and the gate layer 112 of the 
PMOS varactor. 

Next follow a number of process steps in the fabrication of the 
bipolar npn transistor including (i) formation of an 
emitter/base opening; (ii) formation of an extrinsic base layer 
151; (iii) formation of an oxide layer 152; (iv) formation of 
an emitter opening within the emitter/base opening; (v) 
optional formation of a secondary implanted collector 171; (vi) 
formation of p-type base contact paths 173; (vii) formation of 
an intrinsic base 174; (viii) formation of nitride sidewall 
spacers 181; and (ix) formation of a n-type doped polysilicon 
layer 182 for the emitter contact. Firstly in step (viii) 
above, i.e. during formation of nitride sidewall spacers 181, 
the thin silicon nitride layer 141 is removed on field areas, 
the diffused n*-doped contact areas and on PMOS areas. Next, a 
mask 183 is applied, the mask 183 having openings 132 and 133 
for the n 4 -doped plugs, through which additional n-type dopant 
is implanted. The resulting structure is illustrated in fig. 5. 
Thereafter, the mask is removed. Other, non-illustrated areas, 
which will form resistors in the polysilicon layer, may be 
defined by the mask 183 during implantation. 

Next, an emitter contact 191 and a collector contact 192 of the 
npn transistor, a gate 194 and a diffused n*-doped contact 195 
of the PMOS varactor, and resistors (not explicitly 
illustrated) are formed by means of patterning the structure by 
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a mask 196 and etching the polysilicon layer 182 (and 112 at 
the PMOS varactor). The structure obtained is illustrated in 
Fig. 6. After the etching the mask 196 is removed. 

Thereafter, the oxide layer 152 on top of the p-type polysilicon 
5 layer 151 is removed by means of applying a photo mask 197 and 
etching until the polysilicon is exposed in the openings of the 
photo mask 197. After etching an additional p-type dopant 
implant is performed to dope the respective source and drain 
areas 198 of the PMOS varactor and the extrinsic base 151 of the 
10 bipolar transistor. A resultant structure is shown in Fig. 7. 
After completed etching and implantation the photo mask 197 is 
removed . 

Next, emitter activation and drive-in is performed to create n- 
type doped emitter region 202. Prior to this activation, a thin 

15 oxide- layer or nitride-oxide bi-layer is formed on the 
structure, which layer is subsequently etched anisotropically, 
such that spacers 203 are formed. Thereafter, exposed silicon 
surfaces may be provided with silicide 204 in a self-aligned 
manner (SALICIDE) to reduce the resistance. The resulting 

20 structure is shown in Fig. 8. The process then continues with 
formation of passivation and metal layers. 

Below, a number of varactor structures will be described with 
reference to Figs. 9-12, which all are fabricated using the 
described process flow, with only a few modifications of the 
25 layouts or connections of the terminals. 

In Fig. 9 is shown a PMOS varactor resulting from the above- 
described fabrication process. The p + -doped drain and source 
regions 198, the gate 111, 194, and the bulk 41 are each 
provided with a schematically indicated metal contact or 
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terminal D, G, S and B in holes formed in a insulating 
passivation layer 901. 

In a first version of the PMOS varactor, the drain, source and 
bulk terminals D, S and B are connected to a common electric 
5 potential V B and constitute a first electrode of the PMOS 
varactor and the gate terminal G, constituting a second 
electrode of the PMOS varactor, is connected to an electric 
potential V G . Depending on the voltage across the PMOS varactor 
V TO = v B - V 6 , five different regions or modes of operation can 
10 be distinguished: strong inversion, moderate inversion, weak 
inversion, depletion, and accumulation, see the above mentioned 
article by P. Andreani et al., which article being hereby 
incorporated by reference. 

In a second varactor version, the drain and source terminals D 
15 and S (of the first version) are left floating, i.e. not 
contacted at all, to achieve a PMOS varactor suitable for 
operating in inversion mode. The voltage-dependent capacitance 
is obtained by connecting the bulk terminal B to the highest 
potential in the circuit (e.g. V dd ), while the gate terminal G 
20 voltage is variable and connected to the lower electric 
potential . 

In a third varactor version, a PMOS varactor suitable for 
operating in accumulation mode is achieved by completely 
omitting the drain and source regions 198, and their respective 
25 terminals D and S. Thus, the mask 197 (illustrated in Fig. 7) 
covers suitably the drain and source regions 198 such that no 
implantation, and thus formation, thereof will be taken place. 
Such a PMOS varactor is illustrated in Fig. 10. 

A potential drawback of this design is that the parasitic 
30 resistance on the side of the bulk terminal B (equivalent to 
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the collector contact of the npn transistor) becomes high. To 
achieve an optimal structure the diffused n + -doped contact 41, 
151 needs to be placed closer to the gate structure 111, 194. 

In Fig. 11 is shown a fourth varactor version having an 
improved structure , which is similar to the Fig. 10 version but 
which has a much longer gate structure 111, 194, the length of 
which being similar to the length of the n-well 41. Hereby, a 
reduced resistance and increased capacitance values are 
obtainable. 

In Fig. 12 is shown a fifth varactor version having an improved 
structure. The PMOS gate structure lll f 194 is shown in the 
middle. At each side, n-doped n-well contact regions 903, 905 
and 904, 906 are formed as close as possible to the gate edge. 
The n-doped contact regions are each comprised of an n ++ -doped 
diffused region 903, 904, on top of which an n* + -doped 
polysilicon layer 905 , 906 is located. Note that no buried n-- 
doped layer is needed, but can nevertheless be provided (not 
illustrated in Fig. 12). The Fig. 12 varactor structure may be 
achieved by modifying the process as described above with 
reference to Figs. 1-8 in the following manner. 

If no buried n 4 -doped layer shall be formed for the PMOS 
varactor, the photolithographic mask defining buried n+-doped 
layer regions for the bipolar transistor shall cover the PMOS 
varactor area such that no n*-type doping 31 will be performed 
there. 

The layout of the gate region 111, 194 has to be made such that 
the n-well 41 of the PMOS varactor extends in the plane of the 
cross sectional drawings beyond the gate region 111, 194 to 
make place for the n-doped contact regions 903, 905 and 904, 
906. Further, some masks, including masks 131 and 183, have to 
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be modified such that no diffused n + -doped contact 41 , 151 for 
the PMOS varactor will be formed. The mask 196 , which defines 
the emitter contact 191 of the npn transistor and the gate 
structure 194 of the PMOS varactor, will be used to also define 
the n~-doped polysilicon layers 905 , 906 at each side of the 
gate structure 194, and thus the contact layers 905 , 906 are 
formed during etching of the polysilicon layer 182. 

Thereafter, the n ++ -doped diffused regions 903 and 904 are 
formed by means of diffusion of n-type dopant from the contact 
layer 905, 906 during the emitter activation and drive-in. The 
mask 197 will then cover the areas where the drain and source 
regions would be formed (see Fig. 7). Finally, a gate contact 
or terminal G for the gate structure 111, 194, and bulk 
contacts or terminals B for the n-doped contact regions 903, 
905 and 904 , 906 are formed, the bulk terminals being 
interconnected. It shall be appreciated that the n ++ -doped 
regions 903, 904 may alternatively, or complementary, be formed 
during other process steps where n-type dopant is being 
implanted. 

In a typical design the electrodes, i.e. the gate structure 
111, 194 and the bulk contacts 903, 905 and 904, 906 may be 
rectangular and have a length, i.e. a horizontal dimension in 
the plane of the cross-sectional drawings, in the size of a few 
microns or less, and a width, i.e. a horizontal dimension 
orthogonal the plane of the cross-sectional drawings, in the 
size of some tens of microns or more. 

To increase the device isolation and reduce crosstalk, deep 
trenches may surround the respective structure (as illustrated 
in Figs. 1-8, but not in Figs. 9-12), although they are not 
strictly necessary for device isolation only. Thus, the process 
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sequence for the deep trenches described with reference to 
Figs. 1-8 may be omitted. 

By means of the present invention varactors having an increased 
quality factor can be fabricated in a pure bipolar RF-IC 
process r to which only a few process steps have been added. 

It will be obvious that the invention may be varied in a 
plurality of ways. Such variations are not to be regarded as a 
departure from the scope of the invention. All such 
modifications as would be obvious to one skilled in the art are 
intended to be included within the scope of the appended claims. 
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CLAIMS 

1. A method in the fabrication of an integrated circuit, 
particularly an integrated circuit for radio frequency 
applications, including a PMOS varactor and a vertical bipolar 
npn transistor, characterized by the steps of: 

- providing a p-doped substrate (10, 41); 

- simultaneously forming a buried n + -doped region (31) for the 
PMOS varactor and a buried n 4 -doped region (31) for the npn 
transistor in said substrate (10, 41); 

- simultaneously forming in said substrate (10, 41) an 
essentially n-doped region (41) above the buried n + -doped region 
(31) for the PMOS varactor and an n-doped region (41) above the 
buried n + -doped region (31) for the npn transistor; 

- simultaneously forming field isolation areas (81) around, in a 
horizontal plane, said n-doped regions (41); 

- forming a PMOS gate region (111, 194) on said essentially n- 
doped region (41) for the PMOS varactor; 

- forming a p-doped base in the n-doped region (41) above the 
buried n*-doped region (31) for the npn transistor and an n- 
doped emitter in the p-doped base; 

- simultaneously forming an n-doped contact to the buried n*- 
doped region (31) for the PMOS varactor and an n-doped collector 
contact to the buried n + -doped region (31) for the npn 
transistor; said contacts being separated from, in a horizontal 
plane, said n-doped regions (41); and 
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- forming a gate terminal (G) connected to the PMOS gate region 
(111, 194) and a bulk terminal (B) connected to the n-doped bulk 
contact . 

2. The method as claimed in claim 1 wherein said p-doped 
substrate (10, 41) includes a bulk material (11) and at least 
one epitaxial layer (12 f 41) formed thereon. 

3. The method as claimed in claim 1 or 2 wherein said field 
isolation areas are formed as shallow trenches filled with oxide 
(81). 

4. The method as claimed in any of claims 1-3 wherein said field 
isolation areas (81) are formed such that they extend vertically 
from an upper surface of said substrate (10, 41) and down into 
the buried n + -doped regions (31) • 

5. The method as claimed in any of claims 1-4 wherein said field 
isolation areas (81) are formed with respect to the buried n + - 
doped regions (31) such that the buried n + -doped regions (31) 
extend into areas located underneath the field isolation areas 
(81). 

6. The method as claimed in any of claims 1-5 wherein said PMOS 
gate region (111, 194) is formed as a silicon layer (194) on top 
of an oxide layer (111). 

7. The method as claimed in any of claims 1-6 wherein said 
essentially n-doped region (41) for the PMOS varactor is ion 
implanted with p-type dopant prior to the formation of said PMOS 
gate region (111, 194) to adjust the threshold voltage of the 
PMOS varactor, 

8. The method as claimed in any of claims 1-7 wherein deep 
trenches (72) are simultaneously formed around, in a horizontal 
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plane , said buried n*-doped regions (31), said deep trenches 
extending deeper down into the substrate (10, 41) than said 
buried n*-doped regions (31). 

9. The method as claimed in any of claims 1-8 wherein p-doped 
source and drain regions (198) are formed in said essentially 
n-doped region (41) above the buried n + -doped region (31) for 
the PMOS varactor. 

10. The method as claimed in claim 9 wherein an extrinsic base 
(151) for the npn transistor is formed, said extrinsic base 
(151) being p-doped simultaneously with the formation of said 
p-doped source and drain regions (198). 

11. The method as claimed in claim 9 or 10 wherein a source 
contact connected to the source region and a drain contact 
connected to the drain region are formed. 

12. The method as claimed in claim 11 wherein said source and 
drain contacts are connected to said bulk terminal (B) . 

13. The method as claimed in claim 9 or 10 wherein said source 
and drain regions are left not-contacted. 

14. The method as claimed in any of claims 1-13 wherein said 
PMOS varactor is formed and connected to operate in inversion 
mode. 

15. The method as claimed in any of claims 1-12 wherein said 
PMOS varactor is formed and connected . to operate in 
accumulation mode. 

16. A method in the fabrication of an integrated circuit, 
particularly an integrated circuit for radio frequency 
applications, including a PMOS varactor and a vertical bipolar 
npn transistor, characterized by the steps of : 
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- providing a p-doped substrate (10, 41); 

- forming a buried n + -doped region (31) for the npn transistor 
in said substrate (10 f 41); 

- simultaneously forming in said substrate (10, 41) an 
essentially n-doped region (41) for the PMOS varactor and an n- 
doped region (41) above the buried n*-doped region (31) for the 
npn transistor; 

- simultaneously forming field isolation areas (81) around, in a 
horizontal plane, said n-doped regions (41); 

- forming a PMOS gate region (111, 194) on said essentially n- 
doped region (41) for the PMOS varactor; 

- forming a p-doped base in the n-doped region (41) above the 
buried n*-doped region (31) for the npn transistor and an n- 
doped emitter in the p-doped base; 

- forming an n-doped collector contact to the buried n + -doped 
region (31) for the npn transistor; said contact being separated 
from, in a horizontal plane, said n-doped regions (41); 

- forming at least one n + -doped region (903 f 904) in said 
essentially n-doped region (41) for the PMOS varactor, said at 
least one n*-doped region (903, 904) being separated from, in a 
horizontal plane, said PMOS gate region (111, 194); and 

- forming a gate terminal (G) connected to the PMOS gate region 
(111, 194) and a bulk terminal (B) connected to said at least 
one n + -doped region (903, 904). 

17. The method as claimed in claim 16 wherein a buried n*-doped 
region (31) for the PMOS varactor is formed simultaneously with 
the formation of said buried n + -doped region (31) for the npn 
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transistor in said substrate (10, 41); and said essentially n- 
doped region (41) is formed subsequently above the buried n + - 
doped region (31) for the PMOS var actor 

18. The method as claimed in 16 or 17 wherein an n*-doped 
polycrystalline layer (905, 906) connected to said at least one 
n + -doped region (903, 904) is formed. 

19. The method as claimed in . claim 18 wherein said n + -doped 
polycrystalline layer (905, 906) is connected to said bulk 
terminal (B). 

20. The method as claimed in claim 18 or 19 wherein an emitter 
contact (191) connected to said n-doped emitter (202) for the 
npn transistor is formed simultaneously with said formation of 
said n + -doped polycrystalline layer (905, 906). 

21. The method as claimed in any of claims 16-20 wherein a 
second n + -doped region (904, 903) is formed in said essentially 
n-doped region (41) above the buried n*-doped region (31) for 
the PMOS varactor, said second n*-doped region (904, 903) being 
separated from, in a horizontal plane, said PMOS gate region 
(111, 194). 

22. The method as claimed in claim 21 wherein said n + -doped 
regions (903, 904) are formed on each side of said PMOS gate 
region (111, 194). 

23. The method as claimed in any of claims 16-22 wherein said 
PMOS varactor is formed and connected to operate in 
accumulation mode. 

24. A PMOS varactor fabricated in accordance with any of claims 
1-23. 
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25. An integrated circuit, particularly an integrated circuit 
for radio frequency applications, including a vertical bipolar 
npn transistor, characterized in the PMOS varactor as 
claimed in claim 24. 
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